Understanding the interplay between the structural, chemical and physical properties of nanomaterials is crucial for designing new devices with enhanced performance. In this regards, doping of metal oxides is a general strategy to tune size, morphology, charge, lattice, orbital and spin degrees of freedoms and has been shown to affect nanomaterials properties for photoelectrochemical water splitting, batteries, catalysis, magnetic applications and optics. Here we report the role of lattice small polaron in driving the morphological transition from nearly isotropic to nanowire crystals in Si doped hematite (α- 
I. INTRODUCTION
The mechanism of doping inducing morphological transitions has been recently discussed for Cu and Al doped α-Fe 2 O 3 [15] , [16] . Jahn-Teller effect and anisotropic change of reticular density were invoked to explain the evolution of particle shape for Cu 2+ [15] and Al 3+ [16] , respectively, where the valence of Fe 3+ resulted to be inlaterated in both cases. However, to the best of our knowledge, no study has been reported on the relationship between NPs morphology and the Fe 2+ formation providing the direct observation of the structural extention of lattice polaron from local to long range scales. In this regards, Fig.1(a) shows that the undoped hematite structure is based on the hexagonal close packed [12] , [13] . The presence of lattice polarons can be then inferred directly from the local evolution of Fe-O distances as a function of Si content.
In this work, we present a systematic study on Si-doped α-Fe 2 O 3 nanostructures investigating a wide range of Si doping. Using synchrotron powder diffraction and X-ray total scattering method based on pair distribution function (PDF), we provide a detailed description of the effect of Si doping into the long-range and local order structure of α-Fe 2 O 3 . Our analysis is supported by a combination of trasmission electron microscope (TEM) and electron spin resonance (ESR) measurements . We found no evidence of symmetry breaking of α-Fe 2 O 3 space group despite the increase of Si content produces an average distortion of the lattice parameters and Fe-Fe, Fe-O bond distances consistent with the Fe 3+ valence reduction as predicted by theoretical calculations [12] , [13] . PDF analysis provides evidence of local structure inhomognenities in all the investigated samples. In particular, the observed average distortion is fully riconducible to a local polaronic deformation of FeO 6 octahedra, which increases its magnitude toward the long-range scale with increasing doping level. We observe that Si induces the transition from NPs with ellipsoidal shape to nanowires growing preferentially along the [110] direction that self-assemble in layered superstructures. We demonstrate that the morphological transition is driven by the magnetic interactions induced by the lattice polarons describing the fundamental mechanism that controls the crystal morphology of metal oxides affected by polaronic distortion.
II. EXPERIMENTAL TECHNIQUES AND METHODS
α-Fe 2 O 3 nanomaterial were prepared through a hydrothermal route following a modified procedure reported by Wang et al. [17] . Equal amounts of water and ethanol were mixed with Fe(CH 3 COO) 3 and heated at T = 150°C for at least 15 h in autoclave and subsequently sintered at 550 °C for 1 h. The doped samples were prepared by the same synthesis route and by adding tetramethoxysilane (TMOS) to obtain different Si content corresponding to atomic Si/(Fe+Si) = 0.22%, 0.44%, 0.60%, 0.80%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 10%, 15%, 17%, 20%, 50%.
We performed high resolution synchrotron powder diffraction experiments at the ID22 beamline of the European Synchrotron Radiation Facility (ESRF). Patterns for 0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 10%, 15%, 17%, 20%, 50% Si-doped samples were collected at room temperature using incident photon beam with λ=0.30988 Å with the crystal analyzers' setup. Data for PDF analysis were collected using a 2D detector (Perkin Elmer XRD 1611CP3) at ID22 and λ = 0.16102 Å (Q max =28 Å -1 ) for selected samples 0%, 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 50% composition. In addition, samples with 0.22%, 0.44%, 0.60%, 0.80% content were acquired at room temperature on a Huber 4-axes diffractometer at the powder diffraction beamline (MCX) of the synchrotron Elettra using incident photon beam with λ = 1.03300 Å. Rietveld analysis was performed through the GSAS program [18] . We use the hematite rombohedral contribution of Si to hematite structural evolution upon doping is accommodated in the refined parameter of the undoped structural model. During the refinement the background was subtracted using shifted Chebyshev polynomials and the diffraction peak profiles were fitted with a modified pseudoVoigt function [18] . In the last calculation cycles all the parameters were refined: cell parameters, atomic positional degrees of freedom, isotropic thermal parameters, background, diffractometer zero point, and line profile parameters.
Selected diffraction data were reduced to the PDF using the formalism of the G(r) function as implemented in the PDFGETX2 program [19] . G(r) is obtained from the total structure factor S(Q) via the sine Fourier transform (FT):
where Q max = 4πsinθ / λ and r is the interatomic distance. S(Q) is the experimental coherent X-ray scattering intensity after correcting the raw data for sample self-absorption, for multiple scattering, and for Compton scattering.
Structure refinements against the G(r) curves were carried out using the PDFGUI program [20] . The program assesses the accuracy of the refinement by the agreement factor (R w ) defined as follows [20] : 
II. RESULTS AND DISCUSSION
According to high resolution XRPD, all the samples are well described by a single phase of hematite α-Fe 2 O 3 rhombohedral model. Within the resolution of our measurements, we did not detect any spurious crystalline phase at each Si concentration level [10] , [22] . values. We observed a clear signature of strong anisotropic diffraction peak broadening as evidenced by the integrated intensities ratio I (110) / I (400) that evolves from 0% to 20 %, respectively [10] . In addition, the peak broadening is accompaniend by the increase of a background modulation at low diffraction angles with increasing the Si content [ Fig.S1 ]. This sort of bump distributed in a wide range of 2θ is generally ascribed to the presence of amorphous phase due to dopant segregation at high doping level. Here we decouple this two phenomena by firstly investigating the nature of the doping driven peak broadening and then by analysing the amorphous phase evolution via local range PDF analysis.
A comparison between XRD patterns and TEM micrographs [ In particular, it is well known that the scattering related to (110), (104) is highly sensitive to preferential growth of hematite crystal planes [8] , [10] , [11] . The narrow profile of (110) consistent with the more extended length of ellipsoidal nanoparticles provides indication of a preferential crystal growth along the [110] crystallographic direction [10] , [11] . The morphological transition from pseudo-spherical to nanowires particles is driven by the effect of Si elogating on average the crystal shape along the [110] direction. Since in hematite the ferromagnetic interactions favor dramatically the electron conduction along the [110] direction [8] , [10] , [11] , our hypothesis is that the introduction of Si constraints the crystal growth by strengheting the charge/magnetic interaction channels between Fe species along this crystallographic direction.
In order to assess this hitherto unreported interplay between charge, spin, lattice degrees of freedom and particle morphology, we start investigating the structural contribution of Si on α- Hexagonal strain (η) Substitutional doping was widely reported both theoretically [12] , [13] and experimentally [10] to be the main mechanism for this solid solution. However, the details about the interplay and the interactions of the possibile atomic defects generated upon doping are still lacking to date. Here, to figure out the role played by Si in the structual modification of hematite, we refer to the substitutional model expressed by the following equation:
where, in Kruger-Vink notation [26] , We now turn our attention to the short range structure of Si doped α-Fe 2 O 3 . Figure S4 To analyze the local structure evolution more quantitatively, the experimental PDF were fitted in the 1.7 ≤ r ≤ 12 Ǻ range using the structural models employed for interpreting diffraction patterns. To keep the analysis simple, again we used the undoped hematite structural model by monitoring the evolution of the agreement factor, R W [eq. (2)] together with the refined structural parameters.
A careful inspection of all the PDF against α-Fe 2 O 3 hexagonal model did not reveal additional peaks above ~2 Ǻ indicating in principle the inability of determining Si-based phases even using PDF.
Nevertheless Given the AFM ground state of α-Fe 2 O 3 , a possible driving force for the observed effect could be the magnetic ordering eventually perturbed by Si. To validate this hypothesis, we studied the evolution of the ESR signal as a function of doping at room temperature. ESR allows direct access to the spinenvironment interactions of Fe ions in different valence states [29] , [30] . Fig.3(i) shows the room temperature ESR spectrum of undoped α-Fe 2 O 3 . The signal shows a "two-line pattern" which is typical for superparamagnetic resonance observed in other Fe-based nanomaterials [31] . The spectrum is composed by a broader signal superimposed on a narrow one, with their relative intensity that depends both on the particle size and the shape distribution. The more intense and narrow line, marked as L 1 in Fig.3(i) , exhibits a resonance signal at g ≈ 2.122 typical of Fe 3+ ions with 3d By Si-doping, the ESR signal of α-Fe 2 O 3 indeed dramatically changes [ Fig.3(i) ]. They are better described by a single Lorentzian line where the main parameters can be determined by fitting the spectra with the following shape function [21] :
Where A is the area under the ESR curve, i.e. integrated signal intensity, H r is the resonance field and ∆H FWHM is the full width at half maximum. The peak to peak linewidth (∆H pp ) is derived from ∆H FWHM using the relation 3 / Fig.3(i) .
The doping dependence of the linewidth ∆H pp and the Lorentzian ESR line intensity is shown in Fig.4(a) and Fig.S6 , respectively. A sudden narrowing of the L 1 resonance with a drop of ~ 1000 G is already observed at 0.22% Si content. On the other hand, above 0.22% the ∆H pp linewidth increases and the signal broadening is accompanied by a more prominent increase of the ESR intensity (Fig.S4 ).
Above ~ 4% both these parameters saturate up to 20% Si content.
Our undoped sample displays a deviation from the theoretical g value for the free Fe 3+ ion (g = 2.0023) that is generally assigned to Fe 3+ clusters that interact through superexchange (SE) coupling [31] . More precisely, as depicted in Fig.4(b) , the main SE interactions in α-Fe Fig.4(b) Fig.4(b) ] can hop into an empty t 2g orbitals on the second ion (Fe  3+ ) and, following Hund's rule, the spin of the itinerant electron is parallel to the electron spin in the second ion leading to ferromagnetic (FM) coupling [31] . In the case of a strong isotropic exchange interaction, like SE, the Gaussian ESR line which depends on the magnetic dipole interaction (H d ) is narrowed into a Lorentzian line by fast dynamics resulting from the exchange coupling (J) according to [29] .
On the other hand, the DE hetero-spin dipolar interaction gives rise to an effective alternating FM internal magnetic field that relaxes the Fe 3+ spins [31] . Upon doping one could expect an increase of the spin relaxation rate of Fe 3+ which produces the broadening of the ESR signal, i.e. exchange broadening [29] . Therefore, the final linewidth ∆H PP depends on the relative strengths of these two mechanisms.
The increase of the ∆H PP and the Lorentzian ESR line intensity observed above 0.22% is in agreement with the DE exchange broadening mechanism, providing a further evidence of the increase of the Fe 2+ species concentration as the Si content is increased. On the other hand, the ∆H PP drop of the L1
resonance in the undoped sample may be explained by the enhancement of the frequency ω ex due to SE
interactions. However, it should be noted that this latter mechanism is only valid for homo-spin dipolar interactions whereas the linewidth drop at 0.22% is clearly caused by the presence of Fe 2+ species. Fig.4(f) ]. This provides a clear evidence to define a relationship between the small polaron formation and morphological transition. The observation of a compositionally independent small polaron distortion at the local scale is common for other strongly electron systems such as doped manganites [28] , [32] . Nanostructuring acts as a further degree of freedom introducing a spatial confinement that strongly affects the correlation length of the polaronic distortion. The role of small polaron, during the formation of gel-like network mediated by tetramethoxysilane (TMOS), is hence reflected by the more extended length of nanowires along the
[110] since this is the crystallographic direction along which polaron are constrained to interact according to the model proposed in Fig.4(f) . In terms of Bravais law, during the nanocrystal growth, the formation of small polaron constrained along the [110] direction affects the difference between reticular densities of atoms which in turns causes the difference in the growth rate of prominent crystal faces [16] . Local evolution of Fe-Fe distances is clearly sensitive to this balance. Distance contraction is only observed indeed for edge sharing distances indicating that the Fe reticular density increases barely along the ab plane. This leads to a slow growth of the basal faces resulting in nanocrystals with more extended [110] direction reflected, hence, by the nanowire shape.
III. CONCLUSIONS
In summary, we demonstrated that the morphological transition from nanoparticles to nanowires in silicon doped hematite is driven by the magnetic interactions induced by the lattice polarons. We have shown that Si substitutes Fe in hematite up to a solubility limit of about 4% above which the dopant segregates as a SiO 2 -like amorphous phase. We observed polaronic distortion due to Fe 3+ valence reduction in agreement with the distortion mode predicted by theoretical calculations. Our order parameter D quantifies this effect providing a clear evidence of the average structure evolution affected by small polaron formation. However, the structural distortion at the average scale cannot be accounted by the short range character of small polaron entities. PDF analysis showed that the local structure of all the investigated doped samples displays an enhanced magnitude of FeO 6 distortion which is independent from the composition. The mismatch between the magnitude of FeO 6 distortion at short and at long ranges was then reconciled by considering a crossover from small to large polaron regimes driven by the progressive aggregation between polarons upon doping. Spin-spin interactions studied by considering the combination of polarons motional narrowing and exchange broadening due to ferromagnetic DE strengthening with increasing Si amount.
The findings reported here provide atomistic insights into the interplay between magnetic, electronic and preferential nanocrystals growth in doped metal oxides opening new routes to design their functional properties.
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